In the anesthetized, open-chest dog, electrical stimulation of the cardiac ends of the transected cervical vagus nerves produced effects on heart rate and A-V transmission that were dependent upon the P-St interval, i.e., the time from the beginning of the P wave to the beginning of the stimulus. When one vagal stimulus was delivered per cardiac cycle, the pacemaker response curve (curve of the P-P interval as a function of the P-St interval) was sinusoidal in configuration, with a maximum at a P-St interval of 135 msec and a minimum at 349 msec. The mean P-P interval was 568 msec, and the mean amplitude of the pacemaker response curve was 58 msec.
• In the course of experiments involving electrical stimulation of the cardiac ends of the transected cervical vagosympathetic trunks in the dog, we observed that cyclic variations in heart rate and atrioventricular impulse transmission time occurred at certain frequencies of stimulation, usually in the region of 1.5 to 2 pulses/sec. The frequencies of these oscillatory fluctuations in heart rate and P-R interval were altered markedly in response to small changes in stimulation frequency. Furthermore, over a narrow band of stimulation frequencies in the middle of this range, the oscillations disappeared or were severely attenuated. Within this narrow band of stimulation frequencies, changes in the frequency of vagal stimulation had a paradoxical effect upon the heart rate. Increases in the frequency of vagal stimulation evoked proportionate increases in heart rate, instead of an augmentation of the anticipated inhibitory effect. Conversely, reductions in stimulation frequency diminished the heart rate proportionately. Such paradoxical effects were found to involve a significant region of the usual spectrum of heart rates which ordinarily obtain in normal, unanesthetized dogs.
To acquire some insight into the mechanism responsible for this anomalous behavior, we
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applied analog computer techniques to a detailed study of this phenomenon. We found that the mechanism is related to the cyclic, time-dependent changes in responsiveness of the S-A node to vagal stimulation. The initial results of this study are described below.
Methods
Mongrel dogs were anesthetized with morphine sulfate, 2 mg/kg im, followed 30 minutes later by an intravenous infusion of urethane, 600 mg/kg, and chloralose, 60 mg/kg. Through a midline cervical incision, a tracheal cannula was inserted, and both vagosympathetic trunks were transected at the mid-cervical level. Bipolar platinum electrodes were applied to the cardiac ends of both nerves, and these electrodes were connected in parallel to the same stimulator (Grass S4 with isolation unit).
Intermittent positive-pressure respiration was started, and the chest was opened through a transthoracic incision at the level of the fourth intercostal space. Both stellate ganglia were decentralized to prevent changes in cardiac sympathetic neural activity (1) during the various experimental procedures. To record optimally the electrical activity of the atria and ventricles, one bipolar intracardiac catheter was introduced into the right ventricle via the right external jugular vein, and another into the right atrium via a small incision in the tip of the right auricular appendage.
The electrograms recorded from the atrial and ventricular electrode catheters and from the output of the electronic stimulator, as well as the electrical analog of the arterial blood pressure, were recorded on a Brush Mark 200 eight-channel oscillograph and on a Honeywell tape recorder, model LAR 7400. The outputs of the analog computer (P-P, P-R, and P-St intervals, as described below) were also inscribed by the oscillographic recorder. The validity of the analog computer outputs was verified periodically by recording the atrial and ventricular electrograms and stimulator signal at a paper speed of 200 mm/sec.
Two modes of stimulation were employed in these experiments. In the first mode, stimuli were delivered to the vagi at constant frequencies, over a range of frequencies from about 1.0 to about 2.5 pulses/sec. Stepwise changes in frequency of 0.1 pulses/sec (occasionally, 0.05 pulses/sec) were made in ascending and descending sequences, and each step was maintained for about 30 to 60 seconds. In the second mode of stimulation, the P wave of the electrocardiogram was allowed to trigger the stimulator, after a desired, preset 
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Changes in the P-R, P-P, and P-St intervals in a representative experiment during step changes in frequency of stimulation of both cervical vagus nerves. Stimuli were of supramaximal voltage (10 v), 2-msec duration, and at the frequencies (in pulses/sec) denoted by the numbers between the arrows. The downward deflections of the timer at the top of the record indicate 10-sec intervals.
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delay. In this manner, one stimulus per heart beat was delivered to the vagi, and the interval from the beginning of the P wave to the beginning of the stimulus (P-St interval) was varied stepwise in approximately 50-msec increments. Observations were made at each P-St interval for about 30 seconds. With either mode of stimulation, supramaximal voltages (usually 10 to 15 v) were applied for a pulse duration of 2 msec. A parallel logic analog computer (EAI 580) was used to obtain a beat-by-beat measurement of cardiac cycle duration (P-P interval), atrioventricular transmission time (P-R interval), and time from the beginning of the P wave to the beginning of the vagal stimulus (P-St interval). Furthermore, the computer was employed to control the electronic stimulator, in order to permit preselection of the P-St interval.
Results
A section of a record from a representative experiment is reproduced in Figure 1 . Just before vagal stimulation, but after bilateral vagotomy and decentralization of the stellate ganglions, the heart rate was 154 beats/min, or 2.6 beats/sec (P-P interval, 390 msec), and the P-R interval was 135 msec. In the portion of the experiment shown in the figure, the frequency of vagal stimulation was varied in decrements of 0.1 pulses/sec.
When the vagus nerves were stimulated at a frequency of 1.7 pulses/sec (near the left border of the record), there was a rhythmic fluctuation of P-R intervals between 155 and 180 msec, and of P-P intervals between 625 and 800 msec. The mean heart rate was about 85 beats/min, or 1.4 beats/sec. Since the stimulation frequency (1.7) exceeded the mean heart rate (1.4), on successive beats the vagal stimuli fell progressively earlier in the cardiac cycle, as shown in the tracing of P-St intervals (bottom tracing). At regular intervals, when a stimulus fell very early in a cardiac cycle, the next stimulus occurred later in the same cycle (as indicated by the straight, nearly vertical lines in the P-St interval tracing), and then the sequence was repeated again. Stimulation frequencies slightly greater than 1.7 were also applied, although the results are not displayed in the figure. Similar fluctuations in P-R, P-P, and P-St intervals were observed, except that the Circulation Research, Vol. XXV, September 1969 frequency of the fluctuations became greater as the frequency of vagal stimulation was increased.
When the stimulation frequency was abruptly reduced from 1.7 to 1.6 pulses/sec, the amplitudes of the oscillations in P-R, P-P, and P-St intervals were markedly diminished, as shown in Figure 1 . The mean P-P interval of 625 msec at the stimulation frequency of 1.6 pulses/sec corresponds to a cardiac frequency of 96 beats/min, or 1.6 beats/sec. Thus, the cardiac frequency and stimulation frequency were equal, and hence, successive vagal stimuli fell during the same phase of each cardiac cycle (P-St interval of 470 msec). At this stimulation frequency, the P-R interval was about 180 msec. When the stimulation frequency was then reduced abruptly to 1.5 pulses/sec, the mean P-P interval increased to 670 msec, which corresponds to a heart rate of 90 beats/min, or 1.5 beats/sec. Since the vagus nerves ordinarily exert a depressant influence upon the S-A node, the reduction in stimulation frequency from 1.6 to 1.5 pulses/sec would be expected to produce an acceleration of the heart. Yet, paradoxically, the heart rate decreased from 96 to 90 beats/min, or from 1.6 to 1.5 beats/sec. A further reduction in stimulation frequency to 1.4 pulses/sec resulted in an exaggeration of this paradoxical effect, with heart rate having decreased still further to 84 beats/min, or 1.4 beats/sec (mean P-P interval, 720 msec). Thus, as stimulation frequency was reduced successively from 1.6 to 1.5 to 1.4 pulses/sec, the cardiac pacemaker became synchronized in some manner with the activity in the vagus nerves, and cardiac frequency followed precisely the frequency of vagal stimulation.
As the stimulation frequency was changed from 1.6 to 1.5 to 1.4 pulses/sec, the mean P-R interval decreased progressively from 180 to 160 to 155 msec, respectively, and the mean PSt interval changed from 470 to 620 to 60 msec, respectively.
When the stimulation frequency was subsequently decreased to 1.3 pulses/sec, the cardiac pacemaker lost synchronization with 
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The P-R interval as a function of the P-P interval for the experiment portrayed in Figure 1 the vagal activity. The mean cardiac frequency became greater than the frequency of vagal stimulation. Hence, as the bottom tracing in Figure 1 reveals, the stimulus fell progressively later in each successive cardiac cycle. When a stimulus occurred very near the end of a cardiac cycle, then no stimulus fell during the next beat, but it occurred early in the following cycle. Once again, pronounced rhythmic fluctuations in P-R and P-P intervals became manifest, and the oscillations in P-R and P-P intervals were approximately 180° out of phase with each other. The inverse relationship between the P-R and P-P intervals during such oscillations is depicted in Figure  2 . To obtain this graph, the P-P interval output of the analog computer was connected to the X-axis terminals of an X-Y plotter, and the P-R interval output was connected to the Y-axis terminals. As the P-P intervals diminished (Fig. 2 , arrows pointing left) during the rhythmic fluctuations, there was a progressive increase in the P-R intervals. Furthermore, as the P-P intervals subsequently increased (arrows pointing right), there was a progressive reduction in the P-R intervals. However, the figure reveals that the changes in P-R interval follow different paths for progressive increases and decreases in P-P interval, such that a loop is inscribed. For a given P-P interval, the P-R interval is less during a decreasing sequence of P-P intervals than during an increasing sequence. Subsequent reductions in stimulation frequency to 1.2 and 1.1 pulses/sec (Fig. 1 ) resulted in oscillations in P-R, P-P, and P-St intervals which were similar in magnitude to those observed at the stimulation frequency of 1.3 pulses/sec, but the oscillation frequency became progressively higher.
In each of the 8 animals in which a similar sequence of vagal stimulation frequencies was applied, the results were qualitatively similar. Also, in each animal, stimulation frequency was changed several times in ascending and descending sequences, and the results were readily reproducible. Over a narrow range of stimulation frequencies, there was a paradoxical synchronization of the cardiac pacemaker with the activity in the vagus nerves. The midpoint of this range of synchronization frequencies was estimated for each experiment; for example, the midpoint in the experiment shown in Figure 1 was 1.5 pulses/sec. For the entire series of 8 animals, the mean value for the midpoint of the range of synchronization was 1.84±0.32 (SD) pulses/sec. At frequencies above and below the range of synchronization, there were significant rhythmic fluctuations in P-R and P-P intervals in each of the animals studied. The frequency of these rhythmic oscillations increased as the stimulation frequencies deviated progressively in either direction from the narrow range of synchronization. In the absence of vagal stimulation in these 8 animals with transected vagi and decentralized stellate ganglia, the mean P-R interval was 102.6 ± 20.2 (SD) msec and the mean P-P interval was 376 ±53 (SD) msec.
The P-P intervals in the experiment shown in Figure 1 were plotted as a function of the P-St interval for the vagal stimulation frequency range from 1.6 to 1.3 pulses/sec. To The P-P interval as a function of the P-St interval for the experiment depicted in Figure 1 accomplish this, the electrocardiographic signals were played back from the tape recorder. The P-P and P-St outputs of the analog computer were connected to the Y and X terminals, respectively, of an X-Y plotter, and the pen was lowered once each heart beat. The resulting graph is shown in Figure 3 . The points corresponding to the rhythmic oscillations observed at the stimulation frequency of 1.3 pulses/sec are manifest as a sinusoidal variation in the P-P interval. The maximum of this sinusoidal curve occurred at a P-St interval of about 240 msec, and the minimum was present at a P-St interval of about 425 msec.
The values of the P-P intervals at stimulation frequencies of 1.4, 1.5, and 1.6 pulses/sec appear in Figure 3 as clusters of points at P-St intervals of about 60, 620, and 470 msec, respectively. It should be noted that each of these clusters of points lies on a region of the curve in which the slope is positive. The significance of this finding will be discussed below.
After the data included in Figures 1 periods of about 30 seconds each until vagal stimuli had been delivered over the range of P-St intervals from 0 to 600 msec. Data from this same animal are shown in Figure 4 . The graph of the P-P interval as a function of the P-St interval (lower half of the figure) closely resembles that displayed in Figure 3 , although there are quantitative differences. For convenience, such curves will be referred to as "pacemaker response curves." The graph of the P-R interval as a function of the P-St interval (upper half of the figure) is also sinusoidal in configuration, but approximately 180° out of phase with the lower curve, although the maximum of the P-R curve occurs about 75 msec later than the minimum of the P-P curve.
In each of the 8 animals in which pacemaker response curves were obtained, the curves resembled the sinusoidal waveform shown in the lower half of Figure 4 . The mean P-P interval for the entire series of experiments was 568 ± 92 (SO) msec (corresponding The P-R and P-P intervals as functions of the preset P-St interval, in the same animal represented in Figure 1 . 
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to a heart rate of 105 beats/min), and the mean amplitude of the cyclic change in P-P interval was 57.8 ± 30.9 ( SD ) msec. Hence, the amplitude of the curve shown in the lower half of Figure 4 was approximately twice that of the mean amplitude for the entire series. In the curves obtained from each animal, the initial slope was always positive and the maximum P-P interval occurred at a mean PSt interval of 136 ±54 ( SD ) msec (or at 84.8 ± 25.2°, where the duration of the cardiac cycle is taken as 360°). The minimum of these curves occurred at a mean P-St interval of 349 ± 68 ( SD ) msec (or 221 ± 24°). The configurations of the curves representing the P-R interval as a function of the preset P-St interval were not as consistent as were those of the curves of P-P intervals. The mean P-R interval for the entire series of experiments was 118.9 ± 15.8 (SD) msec, and the mean amplitude of the cyclic change in P-R interval was 11.3 ±4.7 (SD) msec. The maximum P-R interval occurred at a mean PSt interval of 337 ±95 (SD) msec (or 213 ±30°). In two experiments, including that shown in Figure 4 , only one minimum was apparent in each curve, and it occurred at a lesser P-St interval than did the maximum in each case. In the remaining experiments, two minima were present in each curve, and they were located at or very near to the beginning and end of the cardiac cycle.
Discussion
Brown and Eccles (2) demonstrated in 1934 that the timing of a single vagal stimulus relative to the phase of the cardiac cycle exerts an appreciable influence on the response of the cardiac pacemaker. This finding has subsequently been confirmed (3, 4) , although the mechanism remains to be established. The curves displayed in Figures 3 and 4 extend these observations by showing that even with repetitive stimuli delivered at a frequency precisely or approximately equal to the prevailing cardiac contraction frequency, the timing of the stimulus is an important determinant of the response.
The vagosympathetic trunks in the dog contain cardiac sympathetic (5, 6) as well as parasympathetic fibers. However, the phenomena described herein must be attributable almost exclusively to the parasympathetic components. In experiments on three dogs, a dose of propranolol was administered which was sufficient to prevent any detectable effects of right stellate ganglion stimulation on the heart rate. In each of these experiments, although the mean cardiac cycle duration was significantly prolonged after propranolol, the sinusoidal configuration of the pacemaker response curve was preserved. In two animals that did not receive propranolol, the ansa subclavia were stimulated bilaterally once each heart beat over a range of P-St intervals. There were significant reductions in P-P and P-R intervals, but there were no detectable variations in the response of the pacemaker or A-V conduction system as a function of the PSt interval. In one other experiment, atropine was administered, and the vagosympathetic trunks were stimulated once per heart beat at various preset P-St intervals. A slight decrease in P-P interval was observed, but the magnitude of the change was independent of the PSt interval.
The abscissas in Figures 3 and 4 represent the time intervals from the beginnings of the P waves to the beginnings of the vagal stimuli. For such curves to represent the cyclic changes in responsiveness of the S-A node to vagal stimulation, the values along the abscissas would have to be corrected for the impulse transmission time from the point of vagal stimulation to the S-A node, including the synaptic delay from the pre-to the postganglionic neuron. Brown and Eccles (2) estimated that the transmission time in the cat is of the order of only 10 msec, for an average length of 11 cm for the preganglionic pathway. The average length of this pathway in the present study was 19 cm. Estimates of the conduction velocity in canine cardiac efferent vagal fibers has been found to be 7 or 8 m/sec (7, 8) . Therefore, the transmission time to the S-A node is probably about 30 to 40 msec, including the synaptic delay and transmission over the short postganglionic pathway. When the heart is stimulated at a rrequencv close to, but not equal to, the prevailing cardiac frequency, then each successive stimulus will occur at a progressively different time relative to the phase of the cardiac cycle. When the stimulus frequency exceeds the prevailing cardiac frequency (e.g., 1.7 pulses/ sec in Fig. 1 ), then successive stimuli will fall progressively earlier in the cardiac cycle. Conversely, when the stimulus frequency is less than the prevailing cardiac frequency (e.g., frequencies < 1.3 pulses/sec in Fig. 1 ), then successive stimuli will fall progressively later in the cardiac cycle.
Because of the variations in the responsiveness of the S-A node as a function of the timing of the vagal stimulus, the P-P interval will oscillate as the arrival time of the stimulus progressively sweeps the cardiac cycle in one direction or the other. The frequency of such oscillations of the P-P interval, in cycles/min, will be equal to the number of complete cardiac cycle sweeps per min. The frequency of cardiac cycle sweeps is precisely equal to the difference between the stimulus frequency and the mean cardiac frequency (or heart rate). In Figure 1 , as the stimulus frequency was changed from 1.3 to 1.2 to 1.1 pulses/sec, there was a progressive increase in the P-P oscillation frequency, as the difference between mean heart rate and stimulus frequency became greater and greater. Qualitatively similar results were observed in all animals studied.
The precise configuration of the pacemaker response curve depends upon whether successive vagal stimuli arrive at a relatively fixed PSt interval (e.g., lower half of Fig. 4 ) or whether they progressively sweep the cardiac cycle (e.g., Fig. 3 ). In the latter case, the configuration will depend upon whether the sweeping proceeds in the direction of progressively decreasing (e.g., frequency of 1.7 pulses/sec in Fig. 1 ) or increasing (frequencies of 1.1 to 1.3 pulses/sec in Fig. 1 ) P-St intervals, and upon the rate of such sweeping. The mechanism for such dependency resides in the fact that the influence of any given vagal stimulus persists over several cardiac Circulation Research, Vol. XXV, September 1969 cycles, although the effect diminishes approximately exponentially with time (2, 3). Thus, any given P-P interval during repetitive vagal stimulation is determined not only by the P-St interval of the vagal stimulus which occurred during that cycle, but also by the P-St intervals of vagal stimuli during several preceding cardiac cycles. The actual P-St intervals during the preceding cardiac cycles will, of course, be determined by whether successive P-St intervals are constant or varying, and in the latter case, whether they are progressively increasing or diminishing. The details of this mechanism of the summation of repetitive stimuli and the consequences of the persistence of the effect of an individual stimulus will be discussed at greater length in a subsequent paper dealing with the cardiac response to a single vagal stimulus.
The paradoxical increase in P-P interval as vagal stimulus frequency was decreased from 1.6 to 1.5 to 1.4 pulses/sec in Figure 1 can be explained on the basis of the phase dependency of S-A node responsiveness to vagal stimulation. In the bottom tracing of Figure 1 , it may be noted that at a stimulation frequency of 1.4 pulses/sec, the P-St interval remained fixed near the beginning of the cardiac cycle (P-St interval, 60 msec). At 1.5 pulses/sec, it remained near the end of the cardiac cycle (P-St interval, 620 msec), and at 1.6 pulses/sec, it stabilized at an intermediate point (P-St interval, 470 msec).
These synchronized responses are represented by the encircled points in Figure 3 . It is apparent from this figure that the stimuli delivered at a frequency of 1.6 pulses/sec fell near the minimum of the curve and that the stimuli at frequencies of 1.5 and 1.4 pulses/sec were located at progressively higher regions of the curve. Since the curve represents the magnitude of the response of the S-A node to vagal stimulation, it is evident that, over the frequency range from 1.4 to 1.6 pulses/sec, the greater the frequency of stimulation, the less the efficacy of each individual stimulus.
Since each stimulus occurred at approximately the same point in successive cardiac cycles at frequencies between 1.4 and 1.6
LEVY, MARTIN, IANO, ZIESKE
pulses/sec, the cardiac and stimulation frequencies must have been equal. The steadystate response of the cardiac pacemaker to vagal stimulation depends upon both the stimulation frequency and the efficacy of each stimulus. Since decreasing the frequency of vagal stimulation from 1.6 to 1.4 pulses/sec (Fig. 1 ) produced a paradoxical deceleration rather than an anticipated acceleration of the heart rate, the diminution in efficacy of inhibition per stimulus must have predominated over the reduction in stimulus frequency.
The reason why pacemaker activity becomes synchronized with vagal activity over a certain range of frequencies also becomes apparent from an analysis of the shape of the a. pacemaker response curves. It may be noted in Figure 3 that during synchronization, the stimuli fall along portions of the pacemaker response curve that have a positive slope. Over such regions of the curve, a negative feedback mechanism operates, as illustrated schematically in Figure 5 . Consider an idealized experiment in which a stimulus of constant frequency is delivered to the vagus nerves. Let the frequency of that stimulation be such that the prevailing frequency of the cardiac pacemaker equals the stimulation frequency. Under these conditions, the P-St intervals will remain constant from cycle to cycle, i.e., in Figure 5 Now let a momentary perturbation arise on the fourth beat, such that the P wave begins later than ordinarily (at P A rather than P 4 in the lower half of Fig. 5 ). The next stimulus (St 4 ) will then occur earlier in that cycle, i.e., the P A -St 4 interval will be reduced. St 4 will then fall on a portion of the pacemaker response curve wherein the response will be attenuated, as may be seen in the upper half of Figure 5 . Therefore, the next cardiac cycle will not be as long as the preceding cycles, i.e., P A -PR < Pi -PL>-If the correction is only partial in one beat, then PB will occur later in time than would the normal P wave (P 5 ) had there been no perturbation. Hence, St r , would occur somewhere between St 4 and St s , and the next cardiac cycle would be slightly shorter than normal, but longer than P A -P B . Subsequent stimuli would approach the position of St s in the pacemaker response curve. By a similar method of analysis, it can easily be shown that if the brief perturbation consisted of a shortening of the P-P interval (e.g., Pio -Pc near the bottom of the figure), the same negative feedback mechanism would maintain a stable synchronization.
In the study by Perkel et al. (9) , it was observed that analogous paradoxical phenom- A = primary arteriole; A' = secondary arteriole; B = metarteriole; C = precapillary sphincter; D and E = endothelial capillaries; F and G = two levels of capillary venules; H = small collecting vein. 2ro = outer diameter; 2r; = inner diameter; w = wall thickness; and I/a = lumen to wall ratio. Note the almost identical values of wall thickness (mean w) of endothelial capillaries (D, E) and precapillary arterioles (A', B) in both tissues, in spite of the marked differences in radii. measure of the above three geometric variables at the time. The precapillary sphincter (C) had the smallest lumen diameter (4.0//.). The thinnest wall (1.6/x) was found in the succeeding endothelial capillary (D) segment before it joins similar neighboring vessels.
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The bar graph (bottom Fig. 2) represents the calculated lumen-wall ratios for all measured vessels of the terminal vascular unit examined in this experiment. The ratio showed a considerable fall from 3.3 to 1 in precapillary arteriole (A) to 1.5 to 1 and 1.4 Table 1 . A through H as in Figure 2. to 1, respectively, in metarteriole (B) and precapillary sphincter (C). More distally at several levels of endothelial capillaries (D and E) and postcapillary capacitance vessels (F, G, and H) I/a increased as might be expected, because of the extremely thin capillary wall. The ratio fell again in the postcapillary venule F with the reappearance of scattered smooth muscle cells in the wall. The presence of muscle cells in the venular wall was ascertained both by the sharp increase in wall thickness and the sustained constriction of the venule, at this site, upon norepinephrine stimulation.
A comparison between the cross-sectional area of wall and lumen for individual vessels of mesentery and striated (cremaster) muscle, derived from data in
The numerical values of all measurements for the several vessel types in both mesentery and striated (cremaster) muscle microvasculature are tabulated in Table 1 . It is evident from the mean radii values and lumen-wall ratios that the precapillary arterioles in mesentery are comparatively larger than those in striated muscle.
From the data in Table 1 , the mean crosssectional areas (in square micra) of lumen and wall for endothelial capillaries (D and E), precapillary vessels (A and B), precapillary sphincter (C), and postcapillary capacitance vessels (F and H) of both tissues were calculated and scaled in Figure 3 . The crosssectional area of the wall was significantly 54A. greater than that of the lumen in the microvessels in striated (cremaster) muscle in comparison to similar vessels of mesentery.
FIGURE 4
Measurement of changes of lumen diameter and wall thickness in two precapillary arterioles in the course
DYNAMIC CHANGES OF LUMEN-WALL RATIOS AND WALL THICKNESS
A typical example of changes in microvessel radius, and hence changes in wall thickness, is shown in Figure 4 . The response of a mesentery arteriole (Fig. 4, left) and of the dependent metarteriole (Fig. 4, right) was first evaluated. In both instances, after five or six control measurements of radii and wall thickness, epinephrine hydrochloride in a concentration of 0.02 /Ag/ml (0.05 ml) was applied topically. In both vessels the decrease of 2r 0 was less than that of 2r i; and both vessels exhibited a variable (50-to 60-second) dilatation, subsequent to vasoconstriction.
An example in which an arteriole of striated (cremaster) muscle was selected for dimension measurements is shown in Figure 5 . First, the effect of norepinephrine hydrochloride (i.v.), in a concentration of 0.1 /i.g/ml (0.05 ml) was tested. A marked (82.8%) decrease in 2rj was recorded during the increase (+38 mm Hg) in blood pressure, the maximal decrease in vessel diameter occurring slightly (4 to 6 seconds) after the peak of the increase in blood pressure was achieved. The vessel wall thickened but no after-dilatation was observed. Acetylcholine chloride in concentration of 0.001 /xg (0.1 ml) injected 10 minutes later resulted in the expected hypotension, at which time the microarterial vessel was dilated markedly. The peak (106%) increase in 2r, occurred some 10 to 12 seconds after the maximal drop in blood pressure had developed. The thickness of the microvessel wall decreased from a control value of 7.7/A to 5.4/A at the peak vasodilatation, a 43.5% decrease. A second injection of a higher concentration of acetylcholine (10x) by the same route resulted in an increase (109%) in 2rj of 38-second duration. It appeared as if the vessel was now maximally distended by the drug. The changes in vessel radii and wall thickness (in microns) of these and other experiments with intravenous and topical administration of the drugs are tabulated in Table 2 . Changes in the microvessel wall thickness (in percent) and the corresponding changes in vessel crosssectional areas of lumen and wall (in microns and percent) are also included in Table 2 .
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FIGURE 5
Measurements of radii and wall thickness, in the same cremasteric microarterial vessel of a 90-g rat, after injecting norepinephrine and acetylcholine intravenously. In the electrogram (middle), maximal thickening of the vessel wall during vasoconstriction, and its thinning out during vasodilatation, occurred 4 to 12 seconds after systemic blood pressure (top) had reached its peak increase or decrease, respectively -In the bottom, 2r, indicates the percent increase (arrow up) and decrease (arrow down) of the vessel lumen size. Sec = total duration of the vascular event in seconds.
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To assess better the dynamic changes in the relation of lumen to wall in microvessels, selected arterioles were treated repeatedly with increasing concentrations of the vasoconstrictor or vasodilator agents. A typical experiment using norepinephrine is shown with a mesentery arteriole (Fig. 6 ). In the electrogram, after five or six rapid control measurements of radii and wall thickness, the drug was applied topically at 10-minute intervals, in progressively increasing concentrations. No contractile response was recorded until the concentration of the stimulating drug reached 0.2 /xg/ml. At this concentration level the drug produced a minimal (14.3%) decrease in lumen diameter (2^) of 16-second duration. This degree of vasoeonstrietion was associated with a somewhat smaller (4.9%) decrease in total vessel size (2r 0 ). As expected, a progressively greater decrease in vessel lumen diameter and a more persistent effect were obtained when the strength of the stimulating drug was increased. The application of still larger amounts (10 yu,g/ml) of the stimulating agent resulted in a marked decrease (73.4%) in 2rj. The constriction resulted in a nearly complete closure of the microvessel lumen, and the few cell elements circulating in single file at the time were markedly distorted. In contrast to the graded changes in vessel inside radius (which were dose-dependent), there was an apparent limit to the extent of decrease in outside radius. In the same electrogram (Fig. 6) , no significant changes in outside radius were obtained beyond the decrease (-15.5%) produced by 0.2 yu.g/ml norepinephrine. When the amount of the norepinephrine was increased to 5.0 /ug/ml and 10.0 jiig/ml, respectively, the changes in r 0 were -15.5% and -16.2%. As a consequence Circulation Research, Vol. XXV, September 1969 of the disproportionate decrease in the radii of the arteriole during vasoconstriction, the wall thickened appreciably. A disproportionate increase in vessel radii was also found during dilatation with acetylcholine.
All measurements (in microns) of the response of microvessels to graded concentrations of vasoconstrictor and dilator agents are tabulated in Table 3 . The calculated changes in vessel lumen-wall ratios (in percent) and the cross-sectional areas of lumen and wall annulus (in square microns and percent) are included in Table 3 . During constriction, upon intravenous and topical administration of vasoactive drugs, and during dilatation by giving acetylcholine intravenously, marked changes in vessel cross-sectional areas and ratio of lumen-wall occurred with essentially no change in cross-sectional area of the wall. In contrast, vasodilatation following topical acetylcholine was associated with a gain in wall cross-sectional area.
The calculated values (in percent) of the Abbreviations as in Table 2 .
maximal changes in geometric variables (r i; r o , w, and I/a) for different stages of constriction and dilatation of arterioles derived from these and other similar experiments are tabulated in Table 4 . Changes of outside radius (abscissa) during vessel constriction and dilatation are shown in Figure 7 radius (ordinate). At the bottom of Figure 7 the percent changes of lumen-wall ratios, respectively, during constriction and dilatation are scaled in the abscissa against the percent of radii changes in the ordinate for vessel number 1, respectively, during constriction and dilatation. video signal in a television microscope (14) and by the flying-spot microscope (15, 16) . These methods, however, do not allow for the simultaneous measurement of the three geometric variables described here. With the former method one can measure only total (outer) diameter of the vessel, with the latter, lumen diameter alone. In addition, due to the limited image magnification employed by these methods (500X to 700x), a greater error arises.
Relation of dynamics of changes in vessel radii during vasoconstriction (top, left) and vasodilatation (top, right
The importance of simultaneous measure-
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Percent Changes
Tissue and animal no
Mesentery (2) Mesentery (2) Creniaster (0
Crcmasler (1) Mesentery ( Table   i 13 ments of diameter and wall thickness in the smallest blood vessels in the living animals in situ lies not only in that an evaluation of the relationship between the various segments of the capillary bed can be made, but also in that the proper relationship between wall thickness and radius may be determined. Knowledge of lumen-wall ratio and its dynamic reversible modifications should be most helpful in the analysis of those problems in which the smallest blood vessels' resistance and exchange participate respectively in the hydraulic hindrance to flow and transport of substances across the wall.
DIMENSIONS OF LUMEN AND WALL OF MICROVESSEL AT REST
The results (Table 1) show important differences between dimensions of similar microvessels in striated (cremaster) muscle and mesentery. Endothelial capillaries and precapillary arterioles in striated muscle are consistently narrower than similar vessels in mesentery. Conversely, the postcapillary vessels and small veins in striated muscle are on the average wider and have slightly larger lumen than in the mesentery. In spite of such differences, however, overall lumen-wall ratios are higher in mesentery.
Differences in lumen diameter of endothelial capillaries from one tissue to another have been observed (8) . These authors examined the thin endothelial capillaries in three animal species, i.e., frog, mouse, and dog, and noted that the variance of the measurements of the capillaries in a single animal is greater than the variance from animal to animal. The lack of exact agreement of the data was attributed to difference in species or the differences in ages of the animals used (3). This feature, however, would not explain the substantial (31.4%) difference in lumen diameter of endothelial capillaries of the two tissues studied in littermate rats examined under the same experimental conditions. 
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The lumen of precapillary arterioles and metarterioles is consistently smaller in cremaster muscle (Table 1 ) than in similar vessels in mesentery. The fact that the levels of neurogenic tonic impulses differ in various vascular areas (14) raises the question as to whether the endothelial vessels have a narrower lumen in striated (cremaster) muscle because of a lesser transmural pressure, resulting from the greater tonic constriction of the precapillary arterioles in this tissue. The bulk of evidence, however, does not lend support to such a view. The precapillary vessels in cremaster have a comparatively thinner wall than similar vessels in mesentery. In the present study ( Fig. 7 and Table 3 ) and in previous experiments (15) it was found that a constriction of as little as 15% in arterioles is associated with a measureable gain in wall thickness. Thus, smaller radii in muscular precapillary vessels in the cremaster may not, in experiments in the anesthetized rat, be related to prevailing higher vasoconstrictor tone. In addition and perhaps even more pertinent are the observations that endothelial capillary vessels act as rigid tubes when there are obvious changes in transmural pressure. There were no measureable changes in radii of the endothelial capillary vessels either upon drastic changes in static internal pressure in isolated microvasculature (15) or during periods of flow and no flow produced by microocclusion techniques in intact vascular beds (16) .
Differences in lumen size of similar microvessels in different tissues, together with differences in morphology per se of the microvessels, may be a determining factor in controlling the rates of flow, even at rest, to specific tissues at any given set of arterial pressure (3). It should be noted in this context that since mesentery membrane varies in thickness from 70 to 100 micra, precapillary arterioles and endothelial capillaries are by and large distributed in two dimensions, while in cremaster, 180 to 250 micra in thickness, the vessels are distributed in two or three levels in depth, i.e., three-dimensionally. Two possibilities may be borne in mind whereby differCirculation Research, Vol. XXV, September 1969 ences in microvessel size may be related to differences in the relative thickness of the two tissues studied: (1) The lumen of the microvessels in mesentery may appear wider than similar vessels in cremaster if in the former tissue the cross section of such small vessels is elliptical, whereas in the thicker striated muscle the vessels may have predominantly a circular cross section. However, endothelial capillaries in mesentery of the living rat also show symmetrical radii as observed and recorded by microcinematography in occasional vertically oriented vessels (unpublished observations). Also the lumen of microvessels in the omentum of the dog appeared of a regular circular shape in cross section, when the vessels were quickly frozen and loss of vascular content was prevented (5) . (2) Alternatively, the overall diameter of endothelial capillaries and precapillary arterioles in striated muscle, as compared to similar vessels in mesentery, may constitute an inherent morphological characteristic. Although more measurements are needed in these and other tissues, it is of interest that smaller lumen size of vessels supplying solid "block" tissues (such as striated muscle) in contrast to similar vessels perfusing thin tissue slabs (such as mesentery) has been predicted from purely geometrical considerations (17) .
REVERSIBLE MODIFICATIONS OF LUMEN AND WALL IN MICROVESSELS
Measurements of dynamic changes of radii and wall thickness in response to constrictor or dilator agents, administered either topically or intravenously were accurately assessed in situ.
The degree and duration of the microvessel response were remarkably proportional to the amount of the constrictor and dilator drugs. Thus, linear dose-response relations may be derived from a number of experiments in which single vessels were exposed to increasing concentration of these agents. The action of synergistic and antagonistic molecules affecting the "receptor site" in smooth muscle in microvessels can also be readily determined (unpublished observations) by the methods and procedures of image-splitting.
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Thickening of the wall during vasoconstriction and its thinning out during dilatation merit separate further consideration. During the microvessel response to vasoconstrictor agents, R-, and r o were displaced disproportionately. For any given decrease in inside radius there was a lesser reduction in outside radius. With increasing concentrations of the stimulating drug (Fig. 6 and Table 3 ), a point was reached where the inside radius was capable of further reduction, but the outer radius appeared to have become fixed. Thus, maximal values of wall thickness were achieved as the inside radius approached zero. Similarly, thinning out of the microarterial vessel wall during vasodilatation by acetylcholine was associated with disproportionate increments in the vessel radii. For any degree of vessel lumen expansion a much greater increase in inside radius occurred. Comparable changes in lumen-wall ratios as well as disproportion in the shifts in vessel radii were also noted in experiments where the lumen of the microarterial vessel was narrowed and expanded by simple shifting of internal hydraulic pressure in isolated, artificially perfused microvessels (15) .
Examination of the data in Table 4 and Figure 7 shows that (1) during the initial constriction, from steady state to about 45%, the inner radius was displaced three times more than the outer. With further constriction, however, as the outer radius tended to become fixed, the relative increase in wall thickness was a consequence of a further decrease of inner radius alone; (2) likewise, as vasodilatation progressed beyond 60%, the thinning out of the wall was increasingly due to further expansion of the inner radius alone.
The calculation of cross-sectional areas of lumen and wall (Tables 2 and 3) indicates that except for one vessel (3, Table 3 ), wall area remained relatively unchanged in spite of marked modification, increase, or decrease in lumen area. In view of the fact, shown by histology (6) , that endothelial layers in constricting small arterioles customarily exhibit a pattern of infolding, outfolding, or both, an explanation of what is encompassed in the evaluated geometric variables of the microvessels would seem in order.
Image-splitting and shearing were readily performed during expansion of the vessel by acetylcholine. During vasoconstriction with the catecholamines, the clear outline of the plasma sleeve or "plasmatic zone" (18) , served as point of reference for the observer. In these experiments, therefore, to evaluate changes in vessel wall thickness, overt narrowing of lumen to a complete occlusion was deliberately avoided. Although vasodilatation of over 140% was effected, lumen narrowing of vessels was kept below 80%. Although endothelial deformation associated with smooth muscle shortening was clearly visible at image magnifications employed here (3,500 X and 6,500x), it was not possible to define the pattern of such cell deformation. Inasmuch as measurements of inside radius in constricting microvessels were made by following the receding plasma sleeve which surrounds the diminishing column of the flowing blood, the readings of the change in T t and r 0 , and hence wall thickness, refers to the peak and not the nadir of endothelial infoldings. An error which might be introduced by plasma occupying the endothelial foldings, if any, is not assessed by the present in-vivo method.
The change in diameter of vessel segment is, of course, a function of the degree of smooth muscle shortening or relaxation which can occur for a given distending pressure. The disproportionate displacement of radii described (r ( , < r,) would seem to be related primarily to the tethering action afforded by tissue structures surrounding the microvessel and which for the rabbit mesentery have been reported to "have a modulus of rigidity of that of artery and veins" (19) . No information, however, is available as to whether such an opposing force, derived from the elastic environment would equally apply to the wall of all segments of the microcirculatory system. Although the data presented here are not directly applicable to this question, it may be pointed out that it is possible that some limitation in displacement of microvessel radii, however small, might be offered by the 
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relative amount, distribution, and pattern of reversible deformability of the passive components, i.e., collagenous and elastic fibers, in the wall.
